-androstenediol (Adiol), testosterone, and dihydrotestosterone (DHT) should be connected with a single, rather than a double, bond. The conclusions are unchanged by this typographical error. The corrected figure and its legend appear below. T he antigen-presenting cells (APCs) that drive the various phases of MHC class II-dependent organ-specific autoimmune diseases, such as insulin-dependent diabetes mellitus, experimental allergic encephalitis, and thyroiditis, are not fully identified. Professional APCs, including dendritic cells, macrophages, and B cells, constitutively express MHC class II molecules; however, MHC class II molecules also can be induced on epithelial and endothelial tissues by inflammatory signals. Lymphocytes traffic through the secondary lymphoid organs and interact in lymph nodes (LNs) with dendritic cells transporting tissue antigens to initiate immune responses to model antigens, microbial antigens, and apoptotic cells (1) . This pathway has been presumed true for autoimmune responses as well. Höglund et al. (2) demonstrated that the activation of islet-specific CD4 ϩ cells that precedes diabetes occurs in the draining pancreatic LN, rather than in the pancreatic islet; similar results have been obtained in primate experimental allergic encephalitis and human multiple sclerosis (3). However, the APCs required for invasion and destruction of the tissue itself have not been identified. Indeed, recent work in transplantation suggests that endothelial expression of MHC class II molecules is sufficient to mediate rejection of a solid organ transplant (4). Thus, tissue expression of class II molecules on nonprofessional APCs can direct pathogenic immune responses.
The APCs that mediate cutaneous immunologic diseases, such as psoriasis, atopic dermatitis, cutaneous T cell lymphoma, and cutaneous graft-versus-host disease (GVHD), are similarly poorly defined. Epidermal Langerhans cells and dermal dendritic cells transport cutaneous antigens to draining LNs; keratinocytes are nonfunctional, tolerizing APCs in normal skin. However, activated keratinocytes produce inflammatory cytokines, including tumor necrosis factor ␣ (TNF-␣) and IL-1 (5-7) and clearly express both MHC class II molecules and the intercellular adhesion molecule-1 (ICAM-1). They also express the costimulatory molecule CD80 (B7-1) after exposure to chemical sensitizers and irritants (8) . These characteristics suggest that keratinocytes may directly participate in cutaneous immunologic diseases.
We have developed a T cell antigen receptor (TCR) transgenic (Tg) model in which CD4 ϩ cells are positively and negatively selected by endogenous peptides. Interestingly, the mice spontaneously develop autoimmune skin disease in which keratinocytes activate and are the primary targets of autoreactive CD4 ϩ T cells.
Materials and Methods
Mice. C57BL͞6 (B6) and invariant chain (Ii)-deficient mice (9) were purchased from The Jackson Laboratory. A ␤ b -deficient (10) and keratin 14 (K14)-A ␤ b (11) mice have been described. H2-DM␣-deficient mice were the kind gift of Luc van Kaer (Vanderbilt University, Nashville, TN) (12) . All mice were maintained under specific pathogen-free conditions at the University of Pennsylvania. Generation of the 2-2-3 Clonotypic Ab. The 2-2-3 clonotypic mAb was made by following published procedures (16, 17) . Supernatants were screened by flow cytometry for staining of 2-2-3 cells. A clone was isolated that stained 2-2-3 (V␣1, V␤5) but not another CD4 ϩ T cell hybridoma, 4-2-2 (V␣11, V␤8) (Hybrid no. 5), derived from the same T cell fusion (13) . The 2-2-3 clonotypic Ab also did not stain a V␤5-expressing hybridoma, B3H (V␣2, V␤5), a gift of P. Fink (University of Washington, Seattle), or the V␣1-expressing hybridoma, 2.5͞BW1-31.3 (V␣1, V␤4), a gift of K. Haskins (University of Colorado, Denver) (18). The 2-2-3 clonotypic Ab was purified from tissue culture supernatants by using protein A agarose (Bio-Rad) and subsequently biotinylated.
Flow Cytometry. The following antibodies for flow cytometry were purchased from PharMingen: CD4 (RM4-5), CD8 (Ly-2), streptavidin-phycoerythrin, V␤5 (MR9-4), and CD3 (2C11). Stained cells were collected on a Becton Dickinson FACSCalibur and analyzed by using either CELLQUEST (Becton Dickinson) or F LOJO (Tree Star, San Carlos, CA) software.
Proliferation Assays and T Hybridoma Stimulation. CD4 ϩ T cells were purified from splenic and LN single-cell suspensions by negative selection. Cells were incubated with anti-CD8 (2.43), anti-B220 (RA3), anti-Mac-1 (M1͞70.15), F4͞80, and anti-I-A (M5͞114), followed by incubation with magnetic microbeadconjugated goat anti-rat IgG (Polysciences). Hybridoma stimulations (13) and mixed lymphocyte reactions (11) were performed as described.
Carboxyl Fluorescein Succinimide Ester (CFSE) Labeling and Analysis.
CD4
ϩ T cells were purified and enriched from spleen and LN by negative selection as above. Single-cell suspensions were labeled with CFSE (Molecular Probes) as described (19, 20) . CD4 ϩ T cells (5 ϫ 10 7 ) labeled with CFSE were injected intravenously into the indicated mice in a total volume of 0.2 ml of sterile PBS. Recipients were killed at 72 h; total spleen and LN cells were purified, labeled with biotinylated clonotypic mAb and streptavidin-allophycocyanin, and analyzed by flow cytometry as above.
Acute GVHD. Acute GVHD was induced as described (13), by using 2 ϫ 10 6 donor CD4 ϩ T cells.
Histopathology. Cryostat sections (5 m) of skin were fixed in cold acetone, then incubated with primary rat Ab to MHC class II I-A (M5͞114), CD4 (GK1.5), or F4͞80, followed by biotinylated mouse anti-rat IgG or by biotinylated 2-2-3 TCR clonotypic Ab and streptavidin-horseradish peroxidase with 3-amino-9-ethylcarbazole as the chromagen. ICAM-1 expression was identified with primary Ab 3E2 followed by secondary biotinylated goat antihamster Ab and was developed with the ABC kit (Vector Laboratories). Sections were counterstained with hematoxylin.
Cytokine and Chemokine Analysis. Total RNA was obtained from skin by homogenization in Trizol (Life Technologies, Gaithersburg, MD) according to the manufacturer's instructions. Firststrand cDNA was synthesized with M-MLV reverse transcriptase (Superscript, Life Technologies), and expression of cDNAs was assessed by PCR using published primers (21) .
Croton Oil Treatment. We applied 0.8% croton oil (Sigma) diluted in acetone under the chin of 10-day-old mice. mice have significant autoreactivity; they proliferate in vitro to APCs and mediate both chronic and acute lethal GVHD when transferred into MHC-positive WT B6 mice (11, 13) . To skew the peripheral repertoire toward a single autoreactive specificity, we have cloned the V␣1 and V␤5 TCR cDNAs from an autoreactive K14 T cell hybridoma, 2-2-3 ( Fig.  1 A) and generated TCR Tg mice. The 2-2-3 hybridoma produced IL-2 in response to WT B6 and C57BL͞6 Ii-deficient APCs but not to H2-DM-deficient APCs. This pattern of reactivity suggests that the 2-2-3 TCR is specific for a prevalent peptide To follow the fate of the TCR Tg cells, we also generated a clonotypic mAb specific for the 2-2-3 TCR (Fig. 1B) (Fig. 3B) . Finally, acute GVHD was induced. WT B6 mice were lethally irradiated and reconstituted with T-depleted B6 bone marrow and 2 ϫ 10 6 mature CD4 The disease was characterized by flaky, scaly skin that progressed to alopecia and excoriations (Fig. 4a) . Histologic examination of affected skin showed a patchy, lichenoid process with a striking mononuclear infiltration associated with marked hyperkeratosis, dermatitis, subepidermal inflammatory infiltrates, and apoptotic keratinocytes (Fig. 4) . Skin disease persisted for 2-3 weeks and then resolved spontaneously; no residual pathology other than some minor alteration in fur pigmentation (not shown) was seen.
Results

Generation
Under normal conditions, epithelial tissues in K14 mice are class II-negative (ref. 11 and data not shown), and we have found that this also is true in healthy double Tg 2-2-3͞K14-A ␤ b mice (data not shown). Autoreactive 2-2-3 CD4 ϩ cells exported to the periphery from the K14 thymus would not typically encounter class II antigens. However, the basal epithelial keratinocytes in diseased skin, as well as cells around the base of hair follicles in affected areas, expressed both MHC class II I-A b and the costimulatory molecule ICAM-1 (Fig. 4) . Thus, whereas the predominant skininfiltrating cells were F4͞80 ϩ mature macrophages (Fig. 4) , CD4 ϩ and CD8 ϩ T cells also were present; interestingly, the CD4 ϩ T cells seemed to associate with class II-positive epithelial cells (note arrows in Fig. 4g ). Clonotype-positive cells also were identified among the infiltrating cells in the dermis.
Microscopic examination also revealed mononuclear infiltration of the tongue of 2-2-3͞K14-A ␤ b mice [another site of K14-driven transgene expression (23)] (data not shown); however, no other epithelial or nonepithelial tissues, including kidney and thymus, had evidence of inflammation or other pathology either grossly or microscopically. Additionally, no antinuclear antibodies were detected in the serum of sick mice.
The skin disease was variably penetrant between the two founder lines. Approximately 40% of mice of the 3341 line developed spontaneous disease, whereas fewer (Ϸ20%) 3339 mice became ill. However, once it developed, disease appeared grossly and microscopically similar between the two lines of mice. Importantly, no skin disease has been observed in single Tg K14-A ␤ b mice, even though these mice contain polyclonal autoreactive CD4 ϩ T cells. Thus, autoimmune skin disease requires either the 2-2-3 TCR transgene specifically, or skewing of the entire population toward autoreactivity. Together, these findings suggest that, in some 2-2-3͞K14-A ␤ b mice, keratinocytes spontaneously express MHC class II, which leads to the activation of autoreactive 2-2-3 T cells and the development of cutaneous GVHD.
To further characterize the dermal immune response, skin samples were taken from mice at various stages of disease, and cytokine and chemokine expression was analyzed by RT-PCR. Samples were analyzed from young unaffected mice, mice with active skin lesions, and mice that had spontaneously recovered from skin disease. Skin from unaffected K14-A ␤ b mice lacking the 2-2-3 TCR transgene was examined in parallel. Interestingly, small amounts of IL-1 and TNF-␣ could be detected in the skin of unaffected K14-A ␤ b mice; however, chemokine expression was not present. The earliest skin changes detectable in 2-2-3͞K14-A ␤ b mice, with erythema but no alopecia, were accompanied by production of IL-1 and CCL-2 (JE͞MCP-1). This progressed to a T helper 1 (Th1)-skewed immune response with prominent expression of IFN-␥ and TNF-␣ in the skin of diseased animals (Fig. 5) ; no IL-4 was detected (data not shown). In this setting, the IFN-␥-inducible inflammatory chemokines, IP-10 and Mig, also were produced. Thus, prominent production of Th1 cytokines and IFN-␥-inducible chemokines correlated with cellular infiltrates and MHC class II expression. T cells had no effect on the overall appearance, weight, or skin of either sublethally irradiated (500 rad, 1 rad ϭ 0.01 Gy, n ϭ 4) or nonirradiated (n ϭ 4) mice. Finally, because Th1-mediated diseases such as diabetes are accelerated by injection with the alkylating agent cyclophosphamide, 2-2-3͞K14-A ␤ b mice were given a standard course of cyclophosphamide (200 mg͞kg, twice, 2 weeks apart). This treatment has been shown to increase the production of IFN-␥ by T cells (24, 25) . However, as in the first two situations, asymptomatic mice (n ϭ 4) did not develop weight loss, skin inflammation, or any other manifestation of GVHD. These results suggest that primary activation of autoreactive 2-2-3 CD4 ϩ T cells is not sufficient to induce inflammatory skin disease.
Because primary activation of T cells did not induce cutaneous inflammation, we next asked whether the disease could be triggered by skin irritation. Inflammation was induced by painting the skin of 3339 mice with croton oil. Croton oil causes local irritation and erythema, which peaks within 2-3 days after application and thereafter resolves. When croton oil was used to paint the skin of adult (4-to 8-week-old) 2-2-3͞K14-A ␤ b mice, transient inflammation was evident after 2 days, but it resolved spontaneously with no spread to other areas. Mice lacking either the 2-2-3 TCR transgene or the K14-A ␤ b transgene only developed a transient erythema over the painted site. However, when a small patch of skin was painted in 10-day-old 2-2-3͞K14-A ␤ b animals, a scaly plaque formed over the painted site within 1 week. In these 2-2-3͞K14-A ␤ b mice, this plaque also quickly resolved, but within 3 weeks, a high percentage of these mice developed generalized disease. These experiments are shown in Table 1 . To date, 7 of 18 mice treated with croton oil (40%) have developed skin disease. Although spontaneous disease does not show a gender bias, 71% (5͞7) of female mice versus 18% (2͞11) of male mice developed disease with croton oil. Histologic analysis showed that the disease that developed after croton oil in both sexes was indistinguishable from spontaneous disease. Thus, autoimmunity can be initiated in female mice by dermal irritation but not by primary T cell activation.
Discussion
The development of cutaneous pathology in 2-2-3͞K14-A ␤ b mice has three components: an autoreactive CD4 ϩ cell pool, antigen presentation by keratinocytes, and an initiating inflammatory event. In this context, we would characterize the processes leading to skin disease in 2-2-3͞K14-A ␤ b mice as follows: defective thymic selection leads to a repertoire of autoreactive CD4 ϩ cells that respond to keratinocytes, keratinocytes are activated by local inflammatory signals to express MHC class II and costimulatory molecules, and these keratinocytes stimulate autoreactive CD4 ϩ cells to produce Th1 cytokines, which drive further keratinocyte proliferation and macrophage recruitment. (Fig. 2) . In other autoreactive TCR Tg systems, the presence in TCR Tg thymocytes of additional endogenous TCR ␣ chains can inhibit the thymic deletion of autoreactive CD4 ϩ thymocytes. These ''escaped'' autoreactive cells retain expression of the pathogenic TCR, and animals develop accelerated organ-specific autoimmunity (26, 27) . Using this model, we would propose that the pathogenic CD4 ϩ cells in 2-2-3͞K14-A ␤ b mice are those expressing endogenous ␣ chains. Expression of the 2-2-3 TCR transgene would decrease the levels of these autoreactive TCRs to disrupt mechanisms mediated by thymic cortical epithelium [either deletional or anergizing (19) ] or MHC class II-positive skin (28, 29) (30) addressed the sufficiency of antigen presentation by hematopoietic APCs to mediate GVHD, rather than the necessity. The candidate disease-mediating peptides in the current system could be restricted to keratinocytes. In this regard, it is interesting that Hogquist and colleagues (31) have observed similar skin disease when class I-restricted peptides are expressed in keratinocytes via the K14 promoter. In any event, The number of either unmanipulated mice or mice treated at age 10 days with 0.8% croton oil that developed clinically apparent cutaneous GVHD. All mice tallied here were from the 3339 line of 2-2-3͞K14-A ␤ b mice. The inflammatory signal that induces keratinocyte activation could be initiated through multiple pathways that converge in the production of proinflammatory cytokines. Skin irritation induced by croton oil, a plant derivative which contains multiple fatty acids and phorbol esters, stimulates keratinocytes to produce IL-1 and TNF-␣. The signal that induces spontaneous disease is less clear. A likely explanation is that routine grooming among littermates leads to minor skin breaks and an inflammatory reaction. The requirement for skin irritation or trauma, rather than T cell activation, in the onset of disease is reminiscent of Koebner's phenomenon, the observation that skin trauma induces psoriasis in susceptible patients. Thus, one potential value of the present mouse model is that the specific events associated with local inflammation that lead to autoimmunity can be studied in detail.
Is this proposed mechanism consistent with the penetrance (20-50% in the two lines) of spontaneous skin disease in genetically identical mice? This low rate suggests there must be a stochastic component to disease induction; we can identify two. One alternative, discussed above, is that disease depends on the endogenous nonclonotypic CD4 ϩ cell repertoire and that the self-reactivity of this repertoire varies between mice. Secondly, the limited time in which mice are susceptible to disease induction by croton oil suggests that skin inflammation must occur within a narrow window before the development of complete self-tolerance. Thus, skin inflammation or trauma sufficient to induce class II expression must occur while the CD4 ϩ repertoire is intolerant; these events may be rare in specific pathogen-free facilities. Indeed, five of five 2-2-3͞K14-A ␤ b mice painted at 10 days of age with oxazalone, a harsher irritant than croton oil, have progressed to cutaneous inflammation. Thus, the rate of disease reflects the stochastic development of the CD4 ϩ cell repertoire and random induction of skin inflammation.
In conclusion, we have developed a model of autoimmune skin disease that requires a repertoire of CD4 ϩ T cells not tolerant of that tissue, initiating inflammatory events that must occur in the tissue, and antigen presentation by keratinocytes. These mice should prove valuable in continuing studies on the pathogenic mechanisms of skin inflammation mediated by T cells.
